AB STRA CT The urine and serum of chronically uremic patients and dogs contain an inhibitor of sodium transport that reduces short-circuit current (SCC) in the toad bladder and produces natriuresis in the rat. The present studies represent an effort to determine whether the same inhibitor is detectable in urine of normal dogs maintained on a sodium intake varying from 3 to 258 meq/day. Observations were made with and without fludrocortisone. The same Sephadex G-25 gel filtration fraction previously shown to contain the "uremic" inhibitor was tested in both the isolated toad bladder and rat bioassay systems. The fraction from dogs maintained on 258 meq sodium plus 0.2 mg fludrocortisone/day consistently inhibited SCC in the toad bladder and induced a natriuresis in the rat (P < 0.001). The fraction from dogs on the same sodium intake without fludrocortisone was also natriuretic (P <0.01) but did not inhibit SCC significantly. In contrast, the fraction from dogs fed 3 meq sodium with fludrocortisone or 91 meq sodium without fludrocortisone had no significant effect in either assay system. Thus, an inhibitor of sodium transport has been found in the urine of nonuremic dogs. Both the degree of natriuresis in the rat and the degree of inhibition of SCC in the toad bladder correlated with the state of sodium balance which ensued in the dog.
INTRODUCTION
In recent years, efforts have been made in many laboratories to identify a natriuretic hormone which plays a role in the regulation of external sodium balance. In this search, most investigators have used experimental models subjected to expansion of the extracellular fluid volume. However, while evidence has been established beyond doubt that at least one factor, other than aldosterone and the filtered sodium load, is involved in the regulation of sodium excretion, evidence for the thesis that a natriuretic hormone is secreted in response to volume expansion is by no means definitive. A detailed review of the subject has recently been published (1) .
Because of the biologic adaptation in sodium excretion which occurs throughout the evolution of chronic progressive renal disease and which is associated with very high rates of sodium excretion per nephron in advanced renal insufficiency (2) , our previous efforts to establish the existence of a natriuretic hormone were oriented about chronically uremic patients and animals. In testing our hypothesis we have recently demonstrated an inhibitor of sodium transport in a low-molecular weight fraction of serum and urine of both patients and dogs with chronic uremia (3) (4) (5) (6) (7) . The inhibitor was not detectable in the serum and urine of normal subjects or dogs. We interpreted the data as indicating that the presence of the inhibitor related to the adaptive natriuresis per nephron that occurs in uremia and suggested that it did not represent a nonspecific uremic toxin which accumulates in the serum because of failure of excretion. Thus, (a) the inhibitor was not demonstrable in the serum and/or urine from a group of eight patients with far advanced chronic renal insufficiency
The Journal of Clinical Investigation Volume 56 November 1975*1302-1311 (mean glomerular filtration rate [GFR],1 4.3 ml/min) and the nephrotic syndrome (5) ; and (b) although the inhibitor was found in the serum from a group of uremic dogs with a mean fractional sodium excretion (FENO) of 4.4%, no significant inhibitory activity was found in the serum fraction from an equally uremic group of animals in which FEN. was maintained at less than 0.5% (7) .
If the inhibitor of sodium transport is an effector element of the control system regulating external sodium balance, its presence should be demonstrable in normal subjects and animals with high rates of sodium excretion. The present studies, therefore, were undertaken to determine whether the same inhibitor of sodium transport could be demonstrated in the urine of dogs with normal renal function by using the same fractionation technique and bioassays as were employed in our studies with urine and serum of patients and dogs with chronic uremia. The results demonstrate that an inhibitor of sodium transport is consistently detectable in the urine of dogs maintained on a high salt intake and given a mineralocorticoid hormone for a period of 4 days. The presence of the inhibitor in the urine correlated with the level of sodium excretion and with the degree of sodium retention.
METHODS
Experiments were performed on 14 normal adult female mongrel dogs weighing between 14.5 and 22 kg. After a training period of at least 1 wk during which the animals received a diet containing about 90 meq sodium/day, each dog was confined to a metabolic cage for a period of 4 days. During the course of the balance studies, the dogs were fed twice daily, at 10 a.m. and 5 p.m., by orogastric intubation. Each feeding consisted of a semiliquid preparation of 200 g of a synthetic sodium-deficient diet (ICN Nutritional Biochemicals Div., International Chemical & Nuclear Corp., Cleveland, Ohio) containing 0.75 meq sodium/100 g food. To this basic diet 0, 44, or 127 meq sodium chloride per feeding was added with and without the addition to the food of 0.1 mg fludrocortisone (9afluorohydrocortisone, Florinef, E. R. Squibb & Sons, Princeton, N. J.). A total of five groups of dogs was studied under the following conditions: group A, 3 meq sodium plus 0.2 mg fludrocortisone daily; groups B and C, 91 meq sodium without fludrocortisone; group D, 258 meq sodium without fludrocortisone; and group E, 258 meq sodium plus 0.2 mg fludrocortisone (Table I) . With the exception of group B, all animals received half of their daily food, sodium, and mineralocorticoid (when relevant) before the experiments to be described below were initiated.
24-h urine collections were completed daily in all dogs before the morning feeding and analyzed for sodium content. In the animals of group E, escape from the sodium retaining effect of the mineralocorticoid hormone occurred 1 Abbreviations used in this paper: FEN., fractional sodium excretion rate; GFR, glomerular filtration rate; PD, potential difference; SCC, short-circuit current; UNaV, absolute sodium excretion rate. Clearance studies and collection of urine samples for bioassay were performed after 4 days on the regimens described. Group B animals were studied in the fasting state. All other groups were studied after half of the daily allotment of food and mineralocorticoid hormone had been administered.
on the 2nd day in three dogs, on the 3rd day in six dogs, and on the 4th day in one dog. On the morning of the 5th day, the animals were transferred from their metabolic cages and were subjected to clearance studies and collection of urine for purposes of assaying for the inhibitor of sodium transport. These studies were performed with the animals unanesthetized and standing quietly in a supporting sling. A priming dose of 10% creatinine in a 2.5% dextrose solution was administered and the same solution was infused at a rate of 4.0 ml/min intravenously throughout the remainder of the study. Urine was collected through an inlying bladder catheter. After the animals had been fed as indicated above and at the usual time (10 a.m.), five 60-min clearance periods were obtained. A blood sample was collected at the midpoint of each urine collection period. During these periods, the urine was collected in an iced graduated cylinder. From each urine sample a 10-20-ml aliquot was removed hourly for chemical analyses; the remainder of the urine from all clearance periods was pooled and frozen for subsequent fractionation and assay. The values for creatinine clearance and sodium excretion in the text and tables represent the average of the five individual clearance periods.
The 5-h urine samples from individual dogs were fractionated by a method previously described for the urine of human subjects (5) . In brief, the total volume of urine was concentrated by lyophilization (model 5012, Refrigeration for Science, Inc., Island Park, N. Y.) to a volume of 50 ml. After centrifugation at 4VC for 10 min at 1,800 g (PR-J centrifuge, Damon/IEC Div., Damon Corp., Needham Heights, Mass.), two 20-25-ml aliquots of the supernate, each equivalent to approximately 2.5-h sample of original urine, were applied to two identical 2.5 X 95-cm columns packed with Sephadex G-25 (fine grade, Pharmacia Fine Chemicals, Inc., Piscataway, N. J.). Elution was carried out at 4VC by gravity with a solution of 10 mM ammonium acetate at pH 6.8. The effluent solution (10 tubes of 12 ml each) which appeared immediately after the salt peak, and which previously has been shown to contain the inhibitor of sodium transport in the urine from patients with chronic uremia, was collected from both columns, pooled, lyophilized to dryness, reconstituted in 2-2.3 ml of distilled water (depending on the amount of urine used for chemical analyses), and stored at -80'C until the day of assay. Thus, each milliliter of sample was equivalent to the amount of urine excreted by the dog in 2 h. All samples were fractionated blindly, without the personnel knowing the origin of the sample being prepared.
The activity of the urine fraction from individual dogs was tested in a toad bladder assay (3) and in a rat assay preparation (4, 5) . In general, enough material was available for performing both types of assay with each fraction.
Female toads, Bufo marinus, from the Dominican Republic (National Reagents, Bridgeport, Conn.) were employed for the toad bladder assay. The technique has been described previously (3) . In brief, one hemibladder was mounted in a conventional Lucite transport chamber, with an exposed surface area of 2 cm2. Both surfaces of the bladder were bathed with 4 ml of an anuran Ringer's solution having the following composition in millimoles: NaCl, 113; KCI, 2.5; CaCl2, 1.0; NaHCO3, 2.5; dextrose, 10. The solution was gassed with compressed air, and the pH of the aerated solution was 8.0±0.2. Short-circuit current (SCC) was measured as an index of net transepithelial sodium transport (8). Short-circuiting was maintained continuously manually except for 15-s intervals every 10 min when the open circuited potential difference (PD) was measured. After the bladders were mounted, an equilibration period of at least 60 min was allowed before studies were initiated. No membrane was employed for assay unless the SCC and PD values had been stable for a minimum of 30 min and unless SCC and PD exceeded 30 ,AA/2 cm2 and 20 mV, respectively.
Because of the known inhibitory effect of ammonium on the SCC of the isolated toad bladder (9), all samples tested on the toad bladder were pretreated to render them ammonium free. To this effect they were adjusted to pH 10, evaporated to dryness under a stream of nitrogen gas at 4VC for 3.5 h, and reconstituted to their original volume with distilled water. A 50-Al aliquot was then tested for ammonium by the Conway microdiffusion method (10) .
None of the samples tested on the toad bladder assay contained any detectable amount of ammonium.
For performance of the assay, 500 Al of ammonium-free urine fraction, adjusted to a pH of 8.0±0.2 and to sodium and potassium concentrations of 110 and 2.5 meq/liter, respectively, was added to the Ringer's solution bathing the serosal surface of the membrane, and 500 Al of anuran Ringer's solution was added to the mucosal bathing solution. SCC and PD then were monitored for 60 min after which the solutions bathing both sides of the bladder were removed, the bladder was washed with fresh Ringer's solution, and 5 ml Ringer's solution was added to both hemichambers. SCC and PD were recorded for an additional 60 min. There were no differences in pH and osmolality between the solutions bathing the serosal surface of the membrane (containing the urine fraction) and the Ringer's solution bathing the mucosal surface of the bladder.
The rat assay was performed by using animals with a remnant kidney in a manner identical to that previously described for the assay of natriuretic factor in serum and urine fractions from human subjects (4, 5) . In brief, the urine fraction was adjusted to a pH of 7.4 and to sodium and potassium concentrations of 140 and 4 meq/ liter, respectively. The natriuretic activity of each sample was then tested by infusing 1 ml of fraction through a jugular venous catheter over a 10-min period and comparing the average pre-and postinfusion values for GFR, absolute sodium excretion rate (UNaV), and FEN.. The preinfusion values represent the average of the two 10-min clearance periods obtained immediately before injection of the fraction. The postinfusion values represent the average of six 10-min clearance periods obtained immediately after completion of the infusion. GER was measured in the rat by the clearance of ["4C]inulin. All fractions were adjusted and tested by a single person who had no knowledge of the origin of the sample being assayed.
Radioactive inulin was determined in 25-50-pul samples of urine and plasma diluted in 10 ml of Aquasol solution (New England Nuclear, Boston, Mass.). The samples were counted in a Tri-Carb liquid scintillation spectrometer (model 3330, Packard Instrument Co., Inc., Downers Grove, Ill.). Sodium and potassium were measured with a flame photometer (model 143, Instrumentation Laboratory, Inc., Lexington, Mass.), and the pH of the solutions and fractions during their preparation was measured with a glass electrode with a pH meter (model PHM 26, London Co., Cleveland, Ohio). Creatinine was measured by the method of Bonsnes and Taussky (11) by using an AutoAnalyzer (model AAII, Technicon Instruments Corp., Tarrytown, N. Y.)
The variation for sets of measurements is expressed as the standard error of the mean. Statistical analyses were performed with Student's t test and by variance analysis using Fisher's least significant difference test (12) . Significance in the text is expressed as the 2P value. RESULTS
The data for cumulative sodium balance for the 4-day period of observation are presented in Table II for the individual dogs from each of the five groups. All of the dogs on the 3 meq sodium intake (group A) were in negative sodium balance despite the administration of fludrocortisone. The average for the group was -51+ Sodium balance is expressed in milliequivalents as the difference between oral intake and urinary excretion without adjustment for extrarenal losses. Groups of dogs are defined in Table I . The group receiving 258 meq sodium/day without fludrocortisone (group D) retained an average of 148±26.9 meq sodium, a value significantly greater than that observed for groups A, B, and C (P <0.001, < 0.005, and < 0.005, respectively). The dogs receiving 258 meq of sodium/day plus fludrocortisone (group E) exhibited the greatest degree of sodium retention. The cumulative positive sodium balance averaged 241.6±18.4 meq, a value significantly greater than that observed in all other groups, including group D (P < 0.005, vs. group D). The body weight in the group E animals increased by a mean of 1.2±0.3 kg over the 4 days of study (P < 0.001). Body weight in the other groups of animals did not change significantly. Individual and group data for GFR, UN.V, and FE.Na determined at the conclusion of the balance studies are presented in Table III . For the different groups, GFR ranged from a mean of 72 ml/min in group A to 94 ml/ min in group E. UNi.V ranged from a mean of 4 Aeq/min in group A to 175 ueq/min in group E, and FEN, ranged from 0.02% in group A to 1.30% in group E. In general the values for absolute and fractional sodium excretion correlated with the dietary intake of salt, and groups D and E had significantly higher values for both UN.V and FEN. than did the other three groups (P < 0.001 for both). The differences in values between groups B and C, both of which received 91 meq of sodium/ day, reflect the fact that the group B dogs were studied in the fasting state whereas the group C animals received half of their daily salt load and food before the clearance measurements were initiated.
A representative experiment depicting the effects of the urine fraction from a group E dog maintained on 258 meq of sodium plus fludrocortisone on SCC and PD in the isolated toad bladder is presented in Fig. 1 . After a 30-min control period, during which SCC and PD values remained stable at 72 AA/2 cm2 and 45 mV, respectively, 500 1l of the urine fraction was added to the Ringer's solution bathing the serosal surface of the membrane and 500 Al of Ringer's solution was added to the mucosal side. After a lag period of approximately 5 min, SCC and PD decreased progressively. 60 min after addition of the fraction, both SCC and PD were 60% of control values. When the bladder was washed and both surfaces were exposed to fresh Ringer's solu- 
4.1
The results represent the percent change obtained 60 min after addition of the urine fraction from the steady-state control value obtained before adding the urine fraction to the Ringer's solution bathing the serosal side of the membrane. Groups of dogs are defined in Table I. tion, values for both SCC and PD returned toward the control levels. The effects of the urine fraction from the individual dogs on SCC and PD are presented in Table IV . Values obtained 60 min after addition of the test fraction are compared with the control values. None of the urine fractions from the animals in groups A and B inhibited SCC by more than 5% and, for the two sets of group data, the mean changes in SCC were + 3 and + 0.6%, respectively. However, a progressive degree of inhibition was apparent with the urine fractions from the animals of groups C, D, and E. Indeed, in group E inhibition was observed with every fraction tested and, for this group, the mean fall in SCC was 33.1±3.3% (P < 0.001). Variance analysis of the results showed that the inhibition of SCC observed in groups C and D was significantly greater than that in groups A and B; and the inhibition obtained in group E was significantly greater than that observed in all other groups.
The data for PD across the toad bladder in the same experiments are also shown in Table IV . The results tend to parallel those for SCC.
No effects on SCC or PD were observed when the urine fraction was added to the Ringer's solution bathing the mucosal surface of the bladder. Fig. 2 depicts the effects in the rat of two urine fractions obtained from the same dog maintained first on a sodium intake of 3 meq/day and then on 258 meq/day. Effects of two urine fractions obtained from the same dog on UNaV, FEN., and GFR in the rat. The dog was maintained first on a 3 meq sodium intake (left panel) and then on a 258 meq sodium intake (right panel). On both regimens, 0.2 mg fludrocortisone/day was administered. The broken line represents the mean base-line control values observed before infusion of the fraction. The heavy bar indicates a 10-min period during which 1 ml of fraction, equivalent to 2 h of original urine, was infused intravenously in the assay rat. 1306 Favre, Hwang, Schmidt, Bricker, and Bourgoignie infusion of the fraction obtained when the same dog was receiving 258 meq sodium and 0.2 mg fludrocortisone/ day, UN.V increased from a control value of 7.52 Aeq/ min to a peak value of 10.30 ueq/min, and FEN. increased from a control value of 7.5% to a peak value of 14.5%. The mean increment in UNaV and FEN. for the six postinfusion periods averaged 1.84 ueq/min and 4.4%, respectively. The increase in sodium excretion rate occurred despite a progressive fall in GFR throughout the period of study.
The results of the individual assays in the rat for all experimental groups are presented in Table V . The change in GFR was small, inconsistent in direction, and not statistically significant for any group; nor were any significant differences observed between the different groups. There were no significant changes in either UNaV or FENa after injection of the urine fractions in groups A, B, and C. By contrast, the urine fractions from both groups of animals receiving 258 meq sodium/day induced a significant natriuresis in the assay rat. For group D, UNXV increased by a mean of 1.32±0.31 i'eq/min (P <0.01), and FEN. increased by a mean of 1.29+0.34% (P < 0.02). For group E, the mean increases in UN.V and FENa averaged 1.66±0.22 Aeq/min (P < 0.001) and 3.56±0.83% (P < 0.005), respectively. Analysis of variance showed that the changes in UNaV were significantly greater in group D than in groups A, B, and C. The changes in both UNaV and FEN. in group E were significantly greater than in all other groups.
DISCUSSION
The demonstration of an inhibitor of sodium transport with natriuretic activity in the plasma and urine of chronically uremic patients and animals has led to the suggestion that this substance is part of the effector limb of the physiologic control system regulating sodium excretion (3) (4) (5) (6) (7) . Several lines of evidence (5, 7) suggest that the presence of this natriuretic factor in concentrations detectable with the bioassay systems employed correlates with the dictates for and/or concurrent patterns of sodium excretion. However, because of the chemical alterations of uremic serum and urine, the possibility exists that the natriuretic substance is a nonspecific uremic toxin rather than a component part of a biologic control system. It was considered important, therefore, to determine whether the same factor could be demonstrated in a nonuremic model and whether its presence could be correlated with sodium intake or excretion. The present studies were designed to examine this question with normal dogs maintained on a sodium intake ranging from virtually zero to 258 meq per day with and without the administration of a potent mineralocorticoid hormone. Urine samples for bioassay were obtained after the dogs had been on a specified regimen for 4 days, during which time external balance of sodium was quantified. The results of the bioassays were compared both with external sodium balance for the total 4-day interval and with the contemporaneous patterns of sodium excretion on the morning of the 5th day. The urine fractions were processed in a manner identical to that employed in previous studies of uremic urine and the fraction obtained from gel filtration through Sephadex G-25 was the same at that which has previously been shown to contain the inhibitor of sodium transport.
The bioassays, using the isolated urinary bladder of the toad and the unanesthetized rat, were performed in the same manner employed in previous studies (3) (4) (5) , and the majority of urine fractions from individual dogs were tested in both assay systems. The results of the assays with the two systems were closely comparable. With both bioassays, the inhibitor was consistently present in the urine fraction of dogs given 258 meq sodium/day who had "escaped" from the salt-retaining effect of exogenous mineralocorticoid hormone (group E). The steroid itself was not responsible for the results, either directly (by affecting the bioassay systems) or indirectly (by inducing the release of an unknown compound in the dog), since the inhibitor of sodium transport was also present in the urine of dogs given 258 meq sodium/day without mineralocorticoid hormone (group D); moreover, with both assays, the inhibitor was not demonstrable in the urine of dogs given exogenous mineralocorticoid hormone without sodium in their diet (group A).
The present studies also establish a relationship between the presence of the inhibitor of sodium transport in the urine and the concurrent patterns of both sodium balance and sodium excretion. Both the inhibition of SCC in the toad bladder and the induction of a natriuretic response in the rat correlated with the degree of positive sodium balance. Fig. 3 depicts the incidence of positive assays, defined by an inhibition of SCC of at least 20% in the toad bladder or by a mean increase in UNaV and FENa of 1 ueq and 1%, respectively, in the rat. With the urine fraction from the animals in negative sodium balance (group A), no assay was positive. The incidence of positive assays remained low, 6 and 25%, respectively, with the urine fraction from the two groups of animals (B and C) which received 91 meq sodium/day and which demonstrated only a modest degree of positive sodium balance. By contrast, in the animals retaining an average of 148 meq sodium (group D), 46% of the assays were positive. Finally, in the Natriuretic Factor in Urine of Normal Dogs group of animals with a cumulative positive sodium balance of 242 meq sodium (group E) 83% of the assays were positive. Fig. 3 also illustrates a direct relationship between the incidence of positive assays and the mean sodium excretion rate present in each group of dogs at the time of urine collection. It is apparent that the higher the sodium excretion rate, the greater the incidence of positive assays.
At first impression, by comparison with human data, it may appear surprising that 20-kg dogs which received 91 meq sodium/day did not show urinary natriuretic activity. However, this amount of sodium in the diet is normal for a 20-kg dog and for a 60-kg man and, on a body weight basis, GFR in dog is more than twice that of human. Thus, FEN. is about equal in the two species on the same sodium intake. Our failure to demonstrate natriuretic activity in biological fluids collected from sheep and rats (unpublished observation), dogs (present experiments), or man (3-6) on a normal salt intake presumably relates to the relative insensitivity of the bioassays used to test for humoral natriuretic substances. In the same context we are aware of no report describing natriuretic activity in blood or urine from normal animals or man tested while on a normal sodium intake in the absence of other superimposed experimental conditions.
The relationship between the 4-day cumulative sodium balance and the changes in mean FENa in the rat The mean values for GFR, UNaV, and FENa for the clearance periods obtained over the 60-min interval after infusion of the fraction were compared with the mean values obtained during the last two control clearance periods. The values under "experimental periods" thus represent the differences in GFR, UNaV, and FENa between the mean experimental and the mean control periods. Groups of dogs are defined in Table I. or SCC in the toad bladder is depicted in Fig. 4 . With both assays a highly significant correlation was demonstrated (P <0.005). Fig. 4 also suggests that a cumulative positive sodium balance of approximately 150 meq is necessary for consistently positive results with both the toad bladder and the rat assays. In animals with an average body weight of 20 kg, this degree of sodium retention would be associated with an expansion of extracellular fluid volume of approximately 20%.
Although the identical nature of the inhibitors of sodium transport in uremia and in normal volume-expanded dogs can only be established with certainty by isolating the respective substances, common biologic properties and physicochemical characteristics suggest that a single inhibitor may be operative. When the same gel filtration system is used for fractionation of the urine samples, both active fractions have the same elu- periments to the observations of others remains speculative and must await further investigation.
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These studies were supported by grants 5 P01-AM-16281, 5 T01-HL05928 from the National Institutes of Health and by grant 74923 from the American Heart Association. tion characteristics appearing after the major peaks of sodium, potassium, urea, and creatinine. Both inhibit SCC and PD across the urinary bladder of the toad, and the patterns of inhibition are indistinguishable. Both are active only when added to the serosal surface of the toad bladder, and neither affects transcellular sodium transport when added to the mucosal surface. Neither produces irreversible effects in the toad bladder, and when the active fraction is replaced by fresh Ringer's solution, both SCC and PD return towards their control levels. Both induce a natriuresis in the rat of comparable magnitude when the same quantity of urine fraction is used. Finally, and most critically, the presence of the inhibitor in the urine of patients and dogs with chronic uremia and of the present dogs with normal renal function appears to correlate with the dictates of maintaining external sodium balance. A number of other investigators have now demonstrated the presence of natriuretic factor(s) or inhibitor(s) of sodium transport in the blood of animals and man using whole animal experiments (13) (14) (15) (16) (17) (18) (19) (20) (21) or in vitro assays (13, 18, 20, (22) (23) (24) (25) (26) (27) (28) (29) . Similarly, extracts of urine have also been shown to contain natriuretic substance(s) (16, 17, 19, 20, (30) (31) (32) (33) (34) (35) (36) or inhibitor(s) of sodium transport (20, 37, 38) . Because of different preparative procedures, variations in or different bioassay techniques, and different experimental conditions, the relationship of our findings described in the present ex-
